Abstract The Antarctic contribution to sea level is a balance between ice loss along the margin and accumulation in the interior. Accumulation records for the past few decades are noisy and show inconsistent relationships with temperature. We investigate the relationship between accumulation and temperature for the past 31 ka using high-resolution records from the West Antarctic Ice Sheet (WAIS) Divide ice core in West Antarctica. Although the glacial-interglacial increases result in high correlation and moderate sensitivity for the full record, the relationship shows considerable variability through time with high correlation and high sensitivity for the 0-8 ka period but no correlation for the 8-15 ka period. This contrasts with a general circulation model simulation which shows homogeneous sensitivities between temperature and accumulation across the entire time period. These results suggest that variations in atmospheric circulation are an important driver of Antarctic accumulation but they are not adequately captured in model simulations. Model-based projections of future Antarctic accumulation, and its impact on sea level, should be treated with caution.
Introduction
Current sea-level rise is primarily driven by two processes: thermal expansion of ocean water and change in mass of glaciers and ice sheets [Intergovernmental Panel on Climate Change (IPCC), 2013]. The mass balance of ice sheets is the difference between the ice that accumulates on the surface and the ice that is lost, either through melt, sublimation, or iceberg calving. For the West and East Antarctic Ice Sheets, mass loss from surface melt is negligible, and we will use the term accumulation to mean the net surface mass balance (precipitation minus sublimation). An increase in Antarctic accumulation is expected through the 21st century as warming allows the atmosphere to hold more moisture [IPCC, 2013] . However, while the accumulation rate is closely tied to saturation vapor pressure for the high-elevation interior of Antarctica, this is not the case for the coastal and escarpment regions [Fortuin and Oerlemans, 1990] . The Antarctic Plateau above 2000 m elevation (Figure 1 ) accounts for~60% of the area [Bamber et al., 2009] yet only 20% of the total accumulation [Monaghan et al., 2006] . Therefore, understanding the relationship between temperature and accumulation in the escarpment areas below 2000 m (the edge of East Antarctica and most of West Antarctica) is critical for projecting future Antarctic mass balance and contribution to sea level.
Modern observations of accumulation and temperature in Antarctica have not shown a consistent relationship because of large interannual variability in both parameters [e.g., Monaghan et al., 2006; Lenaerts et al., 2013] and because of limitations in the available reanalysis data [Nicolas and Bromwich, 2011b; Bromwich et al., 2011] . In central West Antarctica, which has experienced pronounced recent warming [Steig et al., 2009; Orsi et al., 2012; Bromwich et al., 2013] , there has been no discernible increase in accumulation [Medley et al., 2013; Burgener et al., 2013] .
Ice cores can be used to extend records of temperature [e.g., Jouzel et al., 1997 ; European Project for Ice Coring in Antarctica Community Members, 2006] and accumulation [van Ommen et al., 2004; Waddington et al., 2005; Parrenin et al., 2007] for centennial to orbital timescales. Past temperatures are commonly derived from water isotopic composition, a proxy for moisture condensation temperature at the site [Jouzel et al., 1997] . Past accumulation rates are more difficult to reconstruct. Independent accumulation estimates can be derived from the depth-age relationship by "destraining" the average layer thicknesses between age markers using A common assumption is that the accumulation rate scales with the local temperature, owing to a control by saturation vapor pressure via the Clausius-Clapeyron relationship [Petit et al., 1999] . In East Antarctic cores, the sparse age constraints can be combined with the Clausius-Clapeyron relationship to derive continuous accumulation estimates [Bazin et al., 2013; Veres et al., 2013] . Such accumulation reconstructions are not independent of the temperature reconstructions, which precludes investigating their correlation on millennial and shorter timescales. A recent study [Frieler et al., 2015] assessed the multi-millennial relationship between temperature and accumulation at six ice core sites (Figure 1 ). They showed a consistent~5%°C
À1 increase in accumulation across the sites for the glacial-interglacial transition. However, the limitations of the accumulation reconstructions as outlined above prevented analysis at millennial and shorter timescales. The West Antarctic Ice Sheet Divide core (WDC) is unique for Antarctica in having an accumulation-rate history that is derived directly from the annual-layer-counted chronology and not from the water stable-isotope record. Further, the relatively high accumulation and thick ice (~3465 m) at WDC allow information about the past surface temperature history to be preserved in the present temperature profile of the ice sheet [Cuffey et al., 1995] .
In this work, we analyze the relationship between the accumulation-rate and surface-temperature histories throughout the past 31 ka using the WDC, where the high-resolution data allow for analysis at centennial-to-millennial timescales.
Data and Methods

WDC Site
WDC is located at 1776 m elevation, approximately 24 km from the ice divide between the Ross and Amundsen sectors of WAIS (Figure 1 ). Central West Antarctica is strongly influenced by storms that penetrate inland from the Amundsen Coast [Nicolas and Bromwich, 2011a] . We evaluate how representative WDC is of West Antarctica using the annual-average ERA-interim reanalysis from 1979 to 2015 [Dee et al., 2011] which has skill in representing interannual variability in both temperature [Bromwich et al., 2013] and accumulation [Medley et al., 2013] . The time series of temperature and accumulation of the grid cell closest to WDC have strong positive correlations with West Antarctica as a whole (r = 0.88 for temperature and r = 0.79 for accumulation, supporting information). While the spatial patterns of temperature and accumulation in West Antarctica are sensitive to the location of the Amundsen Sea Low [Genthon et al., 2005] 
Accumulation History
The WDC accumulation rate ( Figure 2a ) is reconstructed by correcting the annual-layer thicknesses for flow-induced layer thinning. The WDC timescale (WD2014) is annually resolved to 31 ka and is described in detail in Sigl et al. [2015] , based on the preliminary timescale in WAIS Divide Project Members [2013] . A one-dimensional thermomechanical ice-flow model was used to calculate the thinning that each layer experienced. An important additional constraint on the ice-flow model is the δ 15 N isotopic ratio of N 2 , a proxy for firn thickness [Sowers et al., 1992] , which was used with a thermomechanical firn-densification model to estimate past accumulation rates, given the surface-temperature history . Ice-flow model parameters were determined by minimizing the misfit between the modeled and measured borehole temperature profile and between the ice-flow modeled accumulation rate and the firn-densification modeled accumulation rate. Details are given in Buizert et al. [2015] .
Uncertainty in the inferred accumulation-rate history comes from a variety of sources. Uncertainty in the timescale directly translates into uncertainty in the accumulation history. The WD2014 timescale has uncertainties of only 1% for ages younger than 15 ka and 3% for ages older than 15 ka [Sigl et al., 2015] . A larger source of uncertainty is the amount of thinning due to ice flow that the layers have experienced, which increases with depth (and age) because the thinning is cumulative. We assume that the uncertainty of inferred accumulation rate increases from 0% at the surface, where no thinning has yet occurred, to 25% at 31 ka; the value of 25% is derived from uncertainties in the firn-densification model . Strain increases slowly in the ice sheet and without discontinuities. Thus, the relative uncertainty in reconstructed accumulation rates is much smaller than the absolute values. For example, the WDC TEMPERATURE AND ACCUMULATIONaccumulation rates at 30 and 31 ka could both be in error by up to 25%, but both would be incorrect by essentially the same amount.
The accumulation-rate history inferred in this way is termed the "ice-core accumulation rate." It is the amount of ice accumulation at the deposition site, which may be upstream of the drilling site due to ice flow. This must be distinguished from a "climate accumulation rate," which is the amount of ice accumulation at a fixed location on the ice-sheet surface (e.g., the WDC site). Since there is an accumulation gradient upstream of the WDC site [Neumann et al., 2008] and because the core was drilled 24 km from the modern divide, the ice-core and the climate accumulation rates are not the same. We use the advection correction developed by Steig et al. [2013] for 9.2 ka to present. The impact of advection for ages older than 9.2 ka cannot be validated against ice-sheet data but is likely small because the horizontal velocities would have been low as the ice originated close to the divide. Therefore, we keep the advection correction constant beyond 9.2 ka. The advection correction is approximately 2% per 1000 years between 0 and 1 ka and decreases to 1% per 1000 years between 8 and 9 ka as the horizontal ice-flow velocity decreases upstream. The advection correction varies smoothly in time and therefore affects the magnitude of accumulation at older ages but not the variability.
Temperature History
The temperature history ( Figure 2a ) is derived by combining the WDC water stable-isotope record [Steig et al., 2013; WAIS Divide Project Members, 2013 with information from borehole temperatures and nitrogen isotopes. The stable-isotope record provides an initial template which is calibrated to match the measured borehole temperatures, as was done for the interior of the Greenland Ice Sheet [Cuffey et al., 1995] . The temperature history is adjusted further using perturbations that simultaneously improve the match to the δ 15 N firn-thickness proxy and the borehole temperatures. The ice-flow model used in this process is the same as used to determine the accumulation history. Because heat diffuses in an ice sheet, the borehole temperatures contain no information about high-frequency temperature variations. Therefore, in the final optimized temperature reconstruction, the high-frequency information arises entirely from the stable-isotope record whereas the low-frequency information arises from a combination of all three thermometers. No lateral heat-advection correction was made to the surface temperature history because there is no evidence of a strong lateral temperature gradient upstream of the core site [Dixon, 2007] .
Analysis of firn cores across central West Antarctica indicate that WDC δ
18
O is a good record of surface temperature, though also influenced by atmospheric circulation, itself related to temperature [Küttel et al., 2012; Steig et al., 2013] . Thus, a temperature history based on the stable-isotope record should be a good measure of site temperature variability.
Statistical Tests
To get a general picture of the relationship between temperature and accumulation, we first calculate the correlation for time-block sizes ranging from 250 to 8000 years at time steps of 250 years (Figure 2b ). This allows an overview of the relationship through time. Second, we evaluate spectral coherence using the Thomson multitaper technique [Thomson, 1982; Percival and Walden, 1993] as implemented by P. Huybers (http://www.people.fas.harvard.edu/~phuybers/Mfiles/) to further investigate the relationships for shorter time intervals (Figure 3) . The records are averaged to 20 year time steps, though because the surface temperature history has been smoothed such that only multidecadal variations are resolved, we interpret timescales only of 100 years and longer. For the multitaper coherence analysis, we used eight windows as a default and also tested values from 6 to 10; although coherence at specific periods is a weak function of window number, the relationship among the records is consistent across all window choices.
Climate Model Output
We compare the coherence of the WDC records to results of the Transient Climate Evolution (TraCE) simulation [Liu et al., 2009; He, 2011] , the only continuous GCM simulation through the glacial-interglacial transition. TraCE is a coupled atmosphere-ocean general circulation model simulation from 22 ka to present using the Community Climate Model 3 [Collins et al., 2006] . The model resolution is 2.5°. The TraCE simulation includes ice-sheet volume changes based on the ICE-5G reconstruction [Peltier, 2004] . In West Antarctica, this results in large and abrupt changes in ice-sheet elevation at WDC that are unlikely to be real [e.g., Ackert et al., 2007] . The largest modeled elevation change near WDC occurs at 11.3 ka and introduces large lapse-rate-related Geophysical Research Letters 10.1002/2016GL068356 changes in both the temperature and accumulation ( Figure S1 in the supporting information). We eliminated the gap in the modeled temperature and accumulation at 11.3 ka by increasing the older temperatures and accumulation rates by the difference between values on either side of elevation change; the results of our analyses (described below) were not significantly affected. We use an average of the nine grid cells (bounding latitude 85°S to 74°S and longitude 118°W to 107°E) surrounding WDC, which yields similar results to using just the grid cell encompassing WDC.
Results
The accumulation rate and temperature records for the past 31 ka are shown in Figure 2a . The glacialinterglacial transition dominates both records. Temperatures were~11°C colder during the Last Glacial Maximum (roughly 24 to 20 ka), and the accumulation decreased to nearly one third of the average Holocene value. Figure 2b shows the sliding-block correlation between both records. The majority of the glacial-interglacial change in both temperature and accumulation occurs in the period from 18 to 15 ka, and we find a strong positive correlation during this period. The sliding-block correlation also illustrates periods when the relationship is more complex. Between 22 and 18 ka, the onset of warming without an increase of accumulation was noted by WAIS Divide Project Members [2013] . In contrast, accumulation rates decrease at about 24 ka during the beginning of Antarctic Isotope Maximum 2 when temperatures are rising. The period WDC TEMPERATURE AND ACCUMULATION8-15 ka is also notable for the lack of correlation between the records whereas the majority of the period from 0 to 8 ka is positively correlated. We will focus further analysis on the two periods from 0 to 8 ka and from 8 to 15 ka because they have smaller uncertainties than periods deeper in the core and because they highlight the variability in the relationship between temperature and accumulation.
The temperature and accumulation histories for the last 8 ka are shown in Figure 3a ; this period encompasses the middle-to-late Holocene. The records from 8 to 15 ka are shown in Figure 3b and encompass the end of glacial-interglacial transition and the early Holocene. The coherence of temperature and accumulation (hereafter coherence) is shown in Figure 3c for the two periods. The 0-8 ka period shows significant coherence for timescales greater than 400 years whereas the 8-15 ka period shows no consistently coherent relationship at any timescale. This is somewhat surprising since the 8-15 ka period has larger magnitude variations in both temperature and accumulation than the 0-8 ka period does and thus potentially a larger signal-to-noise ratio. Neither period shows coherence between temperature and accumulation at short (less than 300 years) timescales.
Comparison With Transient Climate Simulation
The modeled TraCE temperature and accumulation histories ( Figure S1 ) vary substantially from the reconstructed WDC history, which is only partly driven by the large ice-sheet elevation changes imposed in the model simulation. Comparing the model-simulated and WDC-reconstructed time series themselves is thus of limited value. Rather, we compare the coherence to determine if the model is capturing the observed relationship in central West Antarctica.
The coherence of the TraCE temperature and accumulation output is shown in Figure 3c . The TraCE simulation shows significant coherence at all timescales for both the Holocene and glacial termination. The greater coherence at short timescales is expected because the TraCE records are direct model output while the WDC records have uncertainty associated with the proxy reconstructions. The TraCE simulation shows greater coherence than the WDC reconstructions at all timescales and during all periods. For multicentennial timescales, the TraCE simulation finds that the 8-15 ka period is more coherent than 0-8 ka period, in contrast to WDC.
Magnitude of Temperature and Accumulation Sensitivity
The coherence analysis does not evaluate the relative magnitude of the variations. The 0-8 ka period has a coherent relationship at timescales as short as 400 years, but the magnitude of change in temperature is muted relative to the change in accumulation. Figure 4 shows the change in temperature plotted against The gap in the TraCE simulations between À8°C and À4°C is due to a change in modeled elevation of the ice sheet at 11.3 kyr.
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the relative change in accumulation; this allows the magnitude of the variations to be compared. We use linear regression to find the sensitivity of accumulation to a change in temperature (hereafter sensitivity).
For the record as a whole, the sensitivity is 5.7 ± 1.2%°C À1 (2-sigma uncertainty) in agreement with the results by Frieler et al. [2015] who found 5.5 ± 1.2%°C À1 for WDC. The difference is primarily attributable to the upstream correction used in this study, which was not used by Frieler et al. [2015] .
The sensitivities for shorter periods deviate considerably from the average for the record as a whole (Figure 4a ). The 8-15 ka sensitivity is slightly negative, À2.2 ± 2%°C
À1
. The 0-8 ka sensitivity is 17%°C À1 although the uncertainty in the sensitivity is difficult to determine. Our uncertainty analysis (supporting information) reveals that a wide range of sensitivities are possible with surface temperature histories that can match the borehole temperature profile acceptably; however, the scenarios with low sensitivities also have low correlations as expected if the histories have been perturbed with noise rather than real structure. Thus, we use the 17%°C À1 sensitivity from the optimal temperature reconstruction.
The TraCE simulation shows a sensitivity of 4.3%°C À1 for the record as a whole, 4.5%°C À1 for 8-15 ka and 5.3%°C À1 for 0-8 ka. As noted by Frieler et al. [2015] , the sensitivity for the full record is in approximate agreement with the WDC results. However, the TraCE sensitivities for 0-8 ka and 8-15 ka differ significantly from the WDC results. A potential limitation of the TraCE simulation is the relatively low spatial resolution, so we also compare with a projection for the next two centuries with the Regional Atmospheric Climate Model (RACMO) Frieler et al., 2015] , which has a resolution of 55 km (0.5°). The RACMO simulation has a sensitivity of 6%°C
À1 at WDC, in agreement with WDC multi-millennial sensitivity and the TraCE results but substantially lower than the 0-8 ka WDC sensitivity of 17%°C
. The RACMO simulation shows more variation in the sensitivities compared to TraCE, but both show a similar pattern of low sensitivity in regions with high accumulation and high sensitivity in the dry East Antarctic interior where accumulation rates are very low. Thus, the difference between the WDC and model-derived sensitivities (TraCE and RACMO) is unlikely to be due to the spatial resolution of the models.
Discussion
Model-based projections of future Antarctic accumulation have a continental average sensitivity of approximately 6%°C
À1 [Frieler et al., 2015] . One climate projection with a regional climate model (RACMO2 ) noted that increases in accumulation are driven by increasing temperature and that changes in atmospheric circulation play only a minor role. The sensitivities from modeled simulations described above, the TraCE simulation, and the full 0-31 ka record for WDC (5.7%°C
À1
) are within the range expected from the Clausius-Clapeyron relationship. However, the sensitivities for the 0-8 ka (17%°C
) and 8-15 ka (À2%°C À1 ) periods in WDC are outside the range of sensitivities from the TraCE simulation anywhere on the West and East Antarctic Ice Sheets for the same periods and are not readily explained by simple thermodynamics.
A direct relationship between temperature and accumulation might be expected from the temperature dependence of the saturation vapor pressure. Indeed, the spatial pattern of precipitable water is well described by that of surface temperature [National Oceanic and Atmospheric Administration, 2015] . On the global scale, however, the spatial pattern of precipitation rate does not closely mirror the spatial pattern of precipitable water or surface temperature. The spatial pattern of precipitation is strongly controlled by general circulation, synoptic-scale weather events, and local factors such as orography. Thus, changes in the patterns of atmospheric circulation are a likely source for incoherent variability between local temperature and accumulation at the WDC site.
The apparent influence of atmospheric circulation on the temperature-accumulation sensitivity is most pronounced in the WDC histories between 12.7 and 11.3 ka, which includes the onset and termination of the Younger Dryas time period. Despite a 2°C warming between 12.7 and 11.9 ka (Figure 2a) , the accumulation decreased a few percent. At 11.9 ka, the warming stopped while the accumulation increased nearly 40% during the next four centuries. The detailed cause of the accumulation increase is not readily apparent. While reduced sea ice is a potential driver to increase the accumulation rate, this should also lead to warming and enriched stable isotopes [Noone and Simmonds, 2004; Küttel et al., 2012] . Alternatively, WDC could have experienced an increase in cyclonic-driven precipitation, such as from a strengthening of the Amundsen Sea
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Low. A modern analogy may be "atmospheric river" events that affect both West and East Antarctica [Nicolas and Bromwich, 2011a; Noone et al., 1999; Gorodetskaya et al., 2014; Lenaerts et al., 2013] . This pattern of circulation is also linked to conditions in the central tropic Pacific through an atmospheric Rossby wave train [Ding et al., 2011] . Because these events originate in the midlatitudes, an increase in accumulation would not necessarily be accompanied by warming and enriched stable isotopes [Nicolas and Bromwich, 2011a] .
The significant coherence seen at all timescales in the TraCE simulation is an indication that the model may be underestimating the influence of changes in atmospheric circulation and cyclonic activity. As the TraCE simulation finds sensitivities consistent with a suite of general circulation models in the Climate Model Intercomparison Project 5 and with RACMO [Frieler et al., 2015] , the discrepancies between the TraCE simulation and the WDC results probably apply to GCM simulations more broadly, including those with higher spatial resolution. While the WDC results support a coherent response of temperature and accumulation at multi-millennial timescales, the timescale of interest for future sea level is centennial. Modern observations have shown that despite rapid warming in central West Antarctica over the past~60 years [Steig et al., 2009; Bromwich et al., 2013] , there has been no discernible increase in accumulation [Medley et al., 2013; Burgener et al., 2013] . In Dronning Maud Land in East Antarctica, a similar disconnect has been observed; large positive accumulation anomalies in 2009 and 2011 are associated with only muted temperature increases [Lenaerts et al., 2013] . Likewise, an East Antarctic core at Law Dome (1400 m elevation) showed a near doubling of accumulation around 7 ka after which the temperature (as measured by stable isotopes) and accumulation varied independently [van Ommen et al., 2004] , which was attributed to increased cyclonic activity. Combined, modern climatological observations and available ice-core data from marine-influenced regions of Antarctica suggest that the variability in atmospheric circulation and cyclonic activity is underestimated in climate model projections of future Antarctic accumulation.
Conclusion
The unique characteristics of WDC allow the first analysis of the relationship between accumulation and temperature through time at millennial and shorter timescales in Antarctica. While the WDC records are consistent with the multi-millennial (spanning the full deglaciation) average sensitivity of other Antarctic ice cores, the high-resolution and independently derived accumulation and temperature histories reveal considerable variation in their relationship through time. The observed temperature and accumulation histories from WDC are always less coherent than the temperature and accumulation time series from a climate model simulation, suggesting that climate models do not capture the complexity of the atmospheric circulation response.
The observations indicate strong coherence and high sensitivity (17%°C À1 ) for 0-8 ka but no coherence for 8-15 ka. Neither the high sensitivity in the more recent period nor the changing relationship between temperature and accumulation for different time periods would have been expected from model simulations alone. Model-based simulations which indicate an offset to sea-level rise from increased Antarctic accumulation should be treated with caution.
